Purpose of Review About 15-25% of patients with simple steatosis of nonalcoholic fatty liver disease progresses to nonalcoholic steatohepatitis (NASH), and the underlying mechanism for this progression has not been elucidated. NASH ultimately could progress to cirrhosis, an irreversible condition. Recent Findings Farnesoid X receptor (FXR) has been studied for its role in modulating inflammation, and the expression of FXR is down-regulated during NASH development. FXR deficiency has shown to progress and exacerbate NASH development, and FXR activation has been protective against liver inflammation associated with NASH. The expression of factors in both the adaptive and innate immune response in the liver are regulated in a FXR-dependent andindependent manner. Summary Therefore, understanding key signaling pathways of liver inflammation in NASH is important to determine essential components that predispose, progress, or exacerbate NASH. FXR has been identified as a therapeutic target for NASH to prevent liver inflammation.
Introduction
Classically well reviewed for bile acid regulation, and regulation of lipid and glucose metabolism [1] [2] [3] [4] , Farnesoid X receptor (FXR) currently has an emerging role in regulating inflammation. Its role in the regulation of inflammation is elucidated through many studies related to liver disorders, cholestasis, and alcoholic liver disease [5, 6] . Most notably, the role of FXR in non-alcoholic fatty liver disease (NAFLD) and inflammation goes back to the original characterization of FXR knock-out (KO) mice with induced hepatic bile acid levels and liver injury described as steatosis, inflammation, and fibrosis [7] . These results support a role for altered FXR function in non-alcoholic steatohepatitis (NASH) development or the progression from simple steatosis to NASH. More recently, the immune pathways, both adaptive and innate responses, have been implicated in liver inflammation and metabolic diseases, specifically NASH [8] [9] [10] [11] . Review of the most recent literature will focus specifically on the role of FXR in the development and/or progression and inflammatory response directly related to NASH.
NAFLD as high as 73 to 97%, with NASH diagnosis in 25 to 33% of patients [12] . NAFLD is an imminent concern in the field of chronic liver diseases. The prevalence of NAFLD as a cause for chronic liver disease has doubled between 1988 and 2008, according to National Health and Nutrition Examination Surveys [12] . NAFLD was originally considered a benign disease, but due to the spectrum of diseases associated with the initial increased disposition of lipids in the liver it can progress to a chronic inflammatory state that defines NASH. Simple steatosis progresses to NASH in about 7-30% of patients with NAFLD, and a third of those continue to progress to advanced fibrosis or cirrhosis [13] . NASH development is not well elucidated, and even the pathogenesis is not fully determined. The initial two-hit hypothesis of steatosis, followed by inflammatory response, hepatocyte damage, and fibrosis [14] , has recently been replaced by rationale supporting a multiparallel hypothesis that suggests many parallel conditions contributing towards the progression of NASH [15] . These conditions have been extensively reviewed [13] . NASH is characterized by histopathological features of macrovesicular steatosis, lobular inflammation with mixed cell types (lymphocytes, macrophages, and natural killer T cells), hepatic ballooning, Mallory bodies, and perisinusoidal fibrosis [15] . More recent research has shown the importance of genetic predispositions, as aging of FXR KO mice displayed histological features of NASH at 10 months without metabolic insult: increased steatosis, perisinusoidal/sinusoidal foam cells, ballooning degeneration, lobular inflammation, elevated activities/levels of plasma ALT, bile acids, and bilirubin, and increased expression of tumor necrosis factor α (TNFα) and toll-like receptor 4 (Tlr-4) [16] . Aging mimicked the NASH-like phenotype of FXR/ LDLr-deficient mice, which was exacerbated on a high-fat diet (HFD) [17] . Chronic inflammation is an encompassing characteristic of conditions associated with NASH development and progression, and understanding key mechanisms will aid in identifying more promising pharmacological targets for the treatment of NASH, since there is currently no drug therapy.
NASH and Liver Inflammation
Initial and key mediators of the development of chronic inflammation in NASH are endogenous danger signals (e.g. damage associated molecular patterns (DAMPs)) and the activation of their cognate sensors or pattern recognition receptors that are responsible for the downstream signaling cascade of the inflammasome. The role of the inflammasome in NASH has recently been reviewed [18] . Briefly, the inflammasome is comprised of the receptors of the danger signals including tolllike receptors (TLRs) and nucleotide-binding oglimerization domain (NOD)-like receptors (NLRs), the adaptor protein apoptosis-associated speck-like protein (ASC), and the effector molecule caspase-1. TLRs are responsible for the rapid activation of TNFα, IL-6, and monocyte chemotactic protein 1 (MCP-1), while IL-1β activation requires a highly regulated two-step mechanism of induction by TLR-activation, followed by the activation of the inflammasome in order for secretion of pro-IL-1β and subsequent activation by caspase-1 cleavage. This process can be a key contributor to chronic inflammatory states due to the ability of cumulative danger signals to activate the inflammasome even at low levels. Major TLRs that have been associated with NASH pathogenesis are TLR2, TLR4, and TLR9 [19] [20] [21] . The TLR adaptor molecule, MyD88, was shown to be an upstream regulator for the activation of the NLRP3 inflammasome (NLRP3, ASC, and capsase-1) in an MCD-diet model of NASH [22] , and NLRP3, ASC, and caspase-1 levels were higher in steatohepatitis than HFD-steatosis [23] . NLRP3 inflammasome can influence the onset and development of NASH and can act through the induction of the nuclear factor kappa-light-chain-enhancer of activated B (NF-κB) signaling pathway; subsequently, NLRX1 negatively regulates TNF receptor-associated factor 6 (TRAF6)-mediated activation of NF-κB, and the reduction in NLRX1 mRNA and protein levels are associated with the onset of NASH [23] . NLRP3 contributes to NASH inflammation, while NLRX1 acts as a negative regulator of excessive inflammatory response. Lastly, the inflammasome in diet-induced NASH models has been suggested to be induced by fatty acids alone and gut-derived microbial danger signals (e.g., lipopolysaccharide (LPS)) [24] , providing support for the role of the inflammasome in the development or progression of key pathological features of liver inflammation associated with NASH.
The role of liver inflammation in the development and progression of NASH has been addressed by several recent reviews, focusing on pathological features of the innate immune response and inflammatory signaling cascade [3, 8-10, 13, 25] . Briefly summarizing, specific key features of cellular stress and response are: increased low-density lipoprotein (LDL)-cholesterol, neutrophil infiltration, proinflammatory mediators including TNFα and NF-κB, and subsequent cytokine and chemokine release. Two features of NASH are cholesterol crystals in hepatocytes and foamy Kupffer cell generation. Both features are induced by unrestricted hepatic uptake of naïve or modulated LDL-cholesterol contributing to an inflammatory response, and the oxidation of LDL-cholesterol is clinically significant in serum of NASH patients correlating to proinflammatory cytokine secretion [13] . Patients with NAFLD/NASH have been characterized by decreased expression of ATP-binding cassette sub-family G member 8 (ABCG8) cholesterol transporters, and decrease in CYP7A1 and CYP27A1, enzymes responsible for cholesterol metabolism, resulting in decreased free cholesterol efflux [13] . Decreased cholesterol efflux could contribute to the inflammasome of NASH and result in the dysregulation of bile acid metabolism, directly relating FXR to liver inflammation. Excess neutrophil recruitment is another prominent histological feature of NASH, in which increased infiltration of neutrophils compared to lymphocytes can mediate NASH progression, and directly contribute to hepatocyte damage, inflammation, and proinflammatory cytokine release [8, 13] . TNFα, an important cytokine in hepatic diseases, was induced in patients with NAFLD, and could lead to NF-κB activation and proinflammatory signaling [10] . Lastly, cytokines and chemokines have been linked or directly correlated to the inflammatory state of NASH such as: TNFα, interleukin 1 and 6 (IL-1, IL-6), chemokine (C-X-C motif) ligands 1-3 and 8 (CXCL1, CXCL2, CXCL3, CXCL8), and chemokine (C-C motif) ligands 2-4 (CCL2/MCP-1, CCL3/MIP-1α, CCL4 [10] . Most of these specific etiologies related to the progression of NASH resulting in increased liver inflammation have been most recently studied as FXR-mediated responses.
Adaptive Immune Response
The adaptive immune response, also referred to as acquired immune responses, is required for immunological memory and involves antigen-specific lymphocyte recruitment to antigen, or pathogen specific responses. Adaptive immunity is well characterized and understood in diseased states, and is recognized as a mediator of inflammation in models of NASH [26] . Specifically, the methioninecholine deficient (MCD) model of NASH has increased hepatic recruitment of CD4+ T-lymphocytes that were activated by T helper-1 (Th-1) stimulating macrophage (M1) proinflammatory responses [27] . Kupffer cells, or resident macrophages of the liver, undergo phenotypic changes during steatosis by increased lipid deposition in the cytoplasm (triglycerides, free cholesterol, diacylglycerols, and sphingolipids/ceramides) and altered proinflammatory response with increased secretion of interferon gamma (IFNγ), TNFα, and MCP-1/CCL2 [28] . LPS stimulates the release of previous factors along with IL-6, IL-1β, and CXCL10 in HFD-induced Kupffer cells, corresponding to induced recruitment of lymphocytes to the liver in vivo [28] . As mentioned previously, another key mediator of the proinflammatory response is NF-κB, whose prototypical activators are TNFα and IL-1, but due to multiple roles of NF-κB in adaptive immunity and inflammation it is not a clear pharmacological target [29] . Therefore, more specifically, FXR and NF-κB signaling pathways demonstrated negative crosstalk in inflammatory response [30] . Adaptive immunity contributes to the complex immunology and inflammasome associated with NASH, and key factors of these responses have been shown to be directly regulated by FXR.
FXR and MCP-1
MCP-1/CCL2, a protein responsible for the attraction of monocytes and memory T cells to the site of inflammation, is correlated to mononuclear cell infiltration in inflammatory diseases [31] . Recent findings in the field of NAFLD have supported MCP-1 as an essential factor in the development of NASH. HFD-induced steatohepatitis in mice showed upregulation of hepatic MCP-1/CCL2 mRNA prior to induction of TNFα, fibrogenic factors, and steatohepatitis at 50 weeks [32] . In humans, serum TNFα and MCP-1/CCL2 were elevated by 57 and 45%, respectively, in NASH patients (n = 25) compared to patients with simple steatosis (n = 22) [33] . Therefore, MCP-1 should be researched as a precursor of NASH development and down-regulation of MCP-1 may protect against NASH. MCP-1 mRNA and protein levels are down-regulated by direct FXR binding to an upstream FXR response element (FXRE) of the MCP-1 gene in a dosedependent manner in macrophage cell lines (ANA-1 and raw 264.7) treated with chenodeoxycholic acid (CDCA, potent bile acid FXR agonist) [34•] . In vivo, the FXR agonist WAY-362450 decreased MCP-1 hepatic mRNA expression, and significantly decreased inflammatory cell infiltration in the liver, reducing hepatic inflammation induced by the MCD-diet; all effects of the FXR agonist were lost in FXR KO mice [35] . Liver injury associated with NASH induced by both HFD (28-week) and MCD diet (3.5 and 11 week) was alleviated by treatment with a bile acid phospholipid conjugate (ursodeoxycholyl lysophosphatidylethanolamide, UDCA-LPE), resulting in reduction in inflammatory cell infiltrates specifically in the MCD-diet cohort, and decreased hepatic MCP-1 mRNA and protein levels in both models [36] . Therefore, hepatic and serum MCP-1 levels, and MCP-1 expression in macrophages during low-grade systemic inflammation may play a role in the progression of simple steatosis to NASH. Further studies are needed to identify MCP-1 as a potential biomarker, or to determine the factor's direct role in the pathogenesis. Currently, in vitro and in vivo treatment models have demonstrated a direct role of FXR in reduction of MCP-1 mediated liver inflammation in NASH.
FXR and NF-κB-Mediated Inflammation
FXR KO mice are more sensitive to NF-κB activation (TPA (12-o-tetradecanoyl-phorbol-13-acetate), TNFα, or LPS treatment) and aging (12 months), revealed by increased TNFα and IL-1α expression, as well as a significant increase in hepatic cytokine signaling molecules, inducible nitric oxide synthase (iNOS), and cyclooxygenase 2 (COX-2), in stimulated primary hepatocytes or in vivo [30] . Most importantly, it was demonstrated that pretreatment with FXR agonists (GW4064 and 6ECDCA) suppressed NF-κB agonist-induced inflammatory gene expression in an FXR-dependent manner in HepG2 cells and mouse primary hepatocytes [30] . NF-κB binding sites were identified on FXR and FXR target genes BSEP, SHP, MRP2, MDR3, and ABCG5/G8; specifically, NF-κB bound to the promoter of BSEP and actively suppressed transcription [37] . Overexpression of NF-κB recruited nuclear receptor co-repressor 2 SMRT blocked FXR binding to its FXRE [37] . Direct interaction between FXR and NF-κB was further confirmed in vivo, NF-κB recruitment to FXR and BSEP promoter was increased in models of disease and inflammation (bile-duct ligation and LPS-injection) [37] , confirming previous observations of suppressed FXR signaling during inflammatory response [30, 38] . NF-κB and SMRT recruitment to promoters of FXR and FXR-regulated genes may be a predominant adaptive mechanism in chronic inflammatory disease states characterized by decreased FXR and FXR-dependent signaling cascades.
Post-transcriptional modifications of FXR have recently been proposed, which suggests a more specific interaction between FXR and NF-κB. Existing evidence support increased acetylation of transcription factors in models of nutrient excess, but specifically acetylated FXR is elevated in diet-induced obesity [39] . Kemper et al. has demonstrated over the years that FXR acetylation is dynamically regulated under normal feeding, but remains constitutively activated in diet-induced obesity, that was characterized by decreased FXR binding at FXREs of inflammatory genes in obese mice compared to wild-type mice (WT) [39, 40, 41•] . Acetylation of FXR at lysine 217 (K217) was shown to promote hepatic inflammation through inhibition of sumoylation at K277 in obese mice; proinflammatory gene expression, macrophage infiltration, and increased levels of TNFα and IL-1β were increased in K217Q mutant (FXR acetylation-mimic) overexpressed mice [41•] . SUMO2-modified FXR levels were increased by treatment with FXR agonists (GW4064, CDCA), and expression of SUMO2-FXR was decreased with HFD feeding to nearly undetectable levels after 12 weeks 
Acute Phase Response (APR, Innate Immunity)
The APR is a systemic reaction to systemic or local disturbances induced by infection, tissue injury, trauma, surgery, or immune dysfunction [42] . Acute phase proteins APPs are regulated by the hepatic APR, manifested as the upregulation (positive APPs) or down-regulation (negative APPs) of these secretory proteins [42] . Cytokines stimulate the production and release of positive APPs from hepatocytes that are known to mediate inflammatory responses locally or systemically, and are associated with a decrease production in negative APPs or normal blood proteins, including: transthyretin, retinol binding protein (RBP), cortisolbinding globulin, transferrin, and albumin [42] . The APR can become chronic with repeated activation [42] ; therefore, innate immunity can play a role in models of chronic inflammation, such as NASH. A key publication in 2003 demonstrated that FXR was down-regulated during the APR, in which downregulation of hepatic FXR was achieved by LPS administration after 8 h in a tissue-specific manner, secondary to reduction in RXR (~2 h), resulting in decreased mRNA expression of downstream targets SHP and apoCII [38] . Cytokine treatment (TNF and IL-1) of Hep3B cells resulted in decreased gene expression of FXR and its target genes; also, TNF and IL-1 abolished CDCA-stimulated luciferase activity of a FXRE-luciferase construct [38] . These key findings have helped to suggest that FXR expression and function is affected by APR and inflammation. The effects of FXR in regulating APPs are emerging, and FXR has been shown to regulate APPs including C reactive protein (CRP), and more recently lesser characterized family of APPs, such as the lipocalin family (LCN2, LCN13).
FXR and CRP
CRP is an APP that has been reported to be the most robust feature and predictive factor of future cardiovascular events and outcomes. CRP is considered an inflammatory biomarker that represents systemic inflammation, and high-sensitivity (hs)-CRP assays allow for diagnosis of low-grade inflammation [43] . Ndumele et al. (2011) determined that hs-CRP levels were significantly higher among both obese and nonobese individuals [44] . All three metabolic conditions (hepatic steatosis, obesity, metabolic syndrome) were independently associated with increased hs-CRP levels, and an additive increase in hs-CRP levels (≥3 mg/dL, high levels) was observed in individuals with all three conditions (four times higher odds of having ≥3 mg/dL hs-CRP levels) [44] . The additive effect of metabolic diseases supports previous findings that serum hs-CRP levels can distinguish between patients with NASH verses those with simple steatosis, and specifically, hepatic mRNA of CRP was induced in patients with NASH [43] . Therefore, hs-CRP remains an essential biomarker in NAFLD inflammation but may also contribute to the progression of NAFLD. Zhang et al. demonstrated that FXR agonism (WAY-362450 and GW4064) inhibits IL-6-induced CRP release and mRNA expression in Hep3B cells in a dosedependent manner, and siRNA knockdown of FXR (85% suppression) resulted in IL-6-stimulated CRP levels [45] . Serum amyloid P component (SAP) and serum amyloid A3 (SAA3) are the major APPs in murine models, and LPSstimulated expression of hepatic SAP and SAA3 were significantly decreased by WAY-362450 treatment compared to vehicle control; FXR KO mice were more sensitive to LPSstimulated APP induction, which was not decreased by pretreatment with WAY-362450 [45] . Therefore, in vitro human modeling measuring CRP, and in vivo mouse modeling measuring SAP and SAA3, demonstrated a direct role of FXR agonists in the regulation of hepatic APPs across species.
FXR and Lipocalins
Lipocalins are small secreted proteins and many members of the lipocalin (LCN) family have been identified as APPs. It was first shown that hepatic expression of members of the LCN family are dysregulated in liver-specific FXR KO mice (lFXR-KO), specifically 13 LCNs are upregulated [46••] . The study focused on ORM1 regulation by FXR/RXR binding and identified FXREs due to the FXR-dependent induction of orosomucoids (ORMs) in lFXR-KO mice treated with taurocholic acid (TCA) [46••] . It was further demonstrated that ORM1 induction by FXR agonist was tissue-specific, with induction of ORM1 only in the liver [39] . The activity of ORM s in inflammati on has shown potential immunosupressive effects that can be correlated to FXR activation in intestinal diseases [46••] , but ORM1 expression in states of chronic inflammation has not been studied. More importantly, TCA also induced LCN2 and LCN9 gene expression. The regulation of other lipocalins by FXR supports our laboratory's recent findings regarding FXR's role in the APR. ChIP-seq analysis comparing in vivo exposure of mouse hepatocytes and in vitro exposure of primary human hepatocytes to a FXR agonist (GW-4064) identified APR induction as an FXR-dependent pathway via GO-BP analysis [47] . Further investigation via RNA microarray has identified two LCNs of interest: LCN2 and LCN13.
LCN2 had a significant induction in lFXR-KO mice, but remained induced in TCA-treated WT and lFXR-KO mice suggesting an alternative regulation potentially through STAT3 and/or TGR5 signaling [46••] . Our current research supports a potential role of FXR-regulation of LCN2 expression in mice treated with GW-4064. LCN2 expression followed the same pattern as previously reported [46••] , LCN2 was upregulated by GW-4064, was induced by liver-specific and whole-body FXR KO and further induced by GW-4064 treatment (unpublished data). The role of LCN2 has been documented in three NASH models in mice, and correlated to human NAFLD and NASH patients [48•, 49, 50] . The fatty liver Shionogi (FLS) mouse model, known for development of fatty livers in a setting of insulin resistance progressing to hepatocellular carcinoma via steatohepatitis, were evaluated for their transcriptome compared to control strain (DS) mice; after 19-weeks histopathological analysis identified FLS mice to have a NASH phenotype, and DS mice were considered to have a fatty liver phenotype [50] . Microarray analysis identified 14 genes upregulated in NASH compared to steatosis, including ORM2, LCN2, CXCL1, and CXCL9 [50] . Due to the heterogeneity of inflammatory cell populations noted in NASH livers, LCN2, CXCL1, and CXCL9 were studied as biomarkers of NASH; all three genes were overexpressed in NASH livers [50] . LCN2 was induced at the protein level and immunohistological staining showed a positive correlation between the number of LCN2-positive cells and inflammatory cell clusters, with LCN2 concentrated in parenchymal hepatic cells of FLS mice [50] . Another study implicated LCN2 as an inflammatory marker of NASH in both a high-fat high-cholesterol (HFHC) and MCD-diet model of NASH, and was able to further characterize direct downstream mechanisms [48•] . These two models also demonstrated an induced infiltration of neutrophils in mouse livers with NASH, and elevation of both plasma and liver LCN2 levels; a significant difference was made by Ye et al. demonstrating that LCN2 enrichment was found in non-parenchymal cells, specifically LCN2 staining was colocalized with the neutrophil marker Ly6G [48•] . ApoE KO mice backcrossed with LCN2 KO mice were protected from HFHC diet-induced liver damage (60 and 40% decrease in ALT and AST, respectively), and neutrophil accumulation was reduced by 50%, followed by reductions in CXCL2, CXCR2, TNFα, IL-1β, and MCP-1; the same results were achieved in LCN2 KO on an MCD diet [48•] . Further characterization of the models identified LCN2 enhances neutrophil migration via CXCR2, and CXCR2 expression is downregulated by 70% in LCN2 KO mice therefore blocking CXCL2-induced neutrophil migration [48•] . P42/44 extracellular signal-related kinase (ERK) was also inhibited in LCN2 KO neutrophils by 60% suggesting that LCN2-induced phosphorylation of ERK results in CXCR2-mediated neutrophil infiltration and inflammation in NASH [48•] . Lastly, LCN2 serum levels were induced in patients with NASH compared to subjects with steatosis, and LCN2 was colocalized with neutrophil marker CD66b in humans [48•] . A cohort of severely obese women also demonstrated, at the protein level, LCN2 was upregulated in livers of patients with NASH compared with simple steatosis or normal livers; moreover, a significant correlation between LCN2 expression and TNFα was noted [49] . The role of LCN2 in neutrophilic inflammation is not specific to NASH, but has also been shown to be necessary for alcohol induced-steatohepatitis (ASH) [51] . In a model of ASH, it has been suggested that FXRα and FXRβ, β-klotho, and Cyp7A1 are down-regulated upon ethanolfeeding in a LCN2 dependent manner [52] . A direct role of LCN2 in disease progression and correlation to NASH phenotype needs to be further determined, and clarification whether FXR plays a role in its regulation during NASH, or an alternative upstream mediator is responsible still needs to be investigated.
LCN13 was first identified as part of a lipocalin gene cluster on mouse chromosome 2 within the epididymis [53] . This lipocalin has since been identified to be expressed in liver, skeletal muscle, and pancreas, secreted into circulation, and expressed in the bloodstream during fed states [54] . LCN13 plasma levels were reduced in the fasting state and in db/db mouse model of obesity, and LCN13 hepatic expression was suppressed upon HFD feeding, suggesting this secreted factor is sensitive to glucose levels and nutrient status [54] . LCN13 is suggested to have a role in glucose metabolism through an autocrine, paracrine, and endocrine manner by acting as an insulin sensitizer. Glucose intolerance and insulin resistance were reversed by LCN13 overexpression through adenovirus or recombinant protein in HFD-fed and db/db mice [54] . Glucose metabolism was regulated by LCN13 in an insulindependent manner via enhanced insulin-signaling in adipocytes and stimulation of glucose-uptake, and in an insulinindependent manner by suppression of hepatic glucose production [54] . LCN13 not only regulates glucose metabolism, but regulates lipid metabolism endogenously by suppressing lipogenesis and key transcriptional regulators, FAS and Srebp1c, and promotes fatty acid β-oxidation and increased Cpt1α expression in primary mouse hepatocytes [55] . Furthermore, mice with transgenic overexpression of LCN13 were resistant to diet-induced hepatic steatosis, and in a genetic model of obesity (ob/ob mice) LCN13 transgenic overexpression ameliorated hepatic steatosis through identical changes in gene expression, reduction in plasma and liver triglycerides, and reduced liver weight [55] . Furthermore, anit-LCN13 antibody increased lipogenesis and decreased β-oxidation, demonstrating regulation of key genes by LCN13 signaling [55] . Identifying putative bioactive small molecule or cognate receptors related to LCN13 regulation is essential to understand LCN13's role in models of obesity and diabetes. Most recent data from our lab suggest LCN13 as a putative hepatic FXR target gene through gene microarray data. LCN13 can contribute to NAFLD through dysregulation of glucose and lipid metabolism with decreased expression in models of obesity, but is currently being studied for its role in liver inflammation due to its potential role as an APP. Further characterization of LCN13 as an APP, will demonstrate a greater role of LCN13 in NASH.
Small Heterodimer Partner (SHP) Role in NASH
Small heterodimer partner (SHP/NR0B2) is an established target gene of FXR directly involved in suppression of bile acid homeostasis via transcriptional repression of Cyp7a1 and Slc10a1 [56] . SHP has been demonstrated to act as a downstream mediator of other FXR-dependent, suppressive responses, e.g. (1) FXR activation via bile acids induces SHP, which suppresses sterol regulatory element-binding protein 1 (Srebp1c) to decrease fatty acid synthesis in the liver [57] , and (2) FXR-dependent upregulation of SHP represses apical sodium-dependent bile acid transporter (ASBT) expression, therefore maintaining negative feedback regulation of bile acids [58] . Most recently, a genome-wide transcriptome analysis identified new genes and gene signatures regulated by SHP in human chronic liver diseases, including NASH [59] . Differentially expressed genes (DEGs) were determined in SHP knock-out (SHP KO) mice and a cohort of human livers with NASH, there were 68 shared DEGs in SHP KO and NASH livers, including peptidoglycanrecognition protein 2 (PGLYRP2) that was identified as a SHP direct or indirect target in NASH and demonstrated to be involved in inflammation (LPS treatment) [59] . SHP's role in hepatic inflammation has also been addressed in a vertical sleeve gastrectomy (VSGx) study in mice to improve NAFLD, in which SHP KO mice had a proinflammatory phenotype and hepatic inflammation developed despite weight loss following VSGx [60] . This study suggests that SHP may have a direct role in the repression of liver inflammation, and prevent liver injury after VSGx in SHP KO obese mice [60] . Therefore, downstream effects of FXR activation in the prevention/ treatment of NASH must not only be evaluated for direct FXR regulation, but mechanisms of SHP-dependent repression must be considered.
FXR Agonists and Decreased Liver Inflammation
FXR agonism is proposed as a potential therapeutic target for NASH with two promising FXR activators currently in clinical trials, INT-747 (obeticholic acid, OCA) [61] and Px-104 (non-steroidal isoxazole, GW4064 derivative) [62] . Many FXR agonists are currently being studied in mouse models for further development of the pipeline of drugs for NASH. Protection against hepatic inflammation secondary to hepatic triglyceride accumulation was achieved with the synthetic agonist, WAY-362450 [35] . Although MCD diet is not considered to represent metabolic syndrome-induced NASH in humans, the MCD diet none-the-less leads to markers commonly found in NASH including increased serum AST and ALT activity, induction of serum MCP-1, and elevation in keratinocyte-derived chemokine (mKC/IL-8); WAY-362450 treatment (p.o. daily/4 weeks) significantly reduced all serum markers measured, demonstrating beneficial effects on hepatic inflammation and function [35] . A bile acid phospholipid conjugate, UDCA-LPE, was also designed with the goal of increased therapeutic efficacy in NAFLD/NASH due to potent anti-inflammatory properties against TNFα-induced or endotoxin-mediated cytotoxicity in vitro and in vivo, respectively [63] . Liver injury, induced by two models of metabolic NAFLD/NASH development (28-week HFD and 3.5 or 11 weeks MCD-diet), was alleviated by UDCA-LPE (30 mg/kg three times a week); the treatment achieved near normal ALT and AST serum levels, decreased NAFLD activity score, reduction in inflammatory cell infiltrates specifically in MCD-diet cohort, decreased triglyceride and cholesterol levels, reduced hepatic MCP-1 and TNFα in both models, and significantly decreased proinflammatory lysophosphatidylcholine (LPC) in both models and additionally hydroperoxides in mice fed the MCD diet [36] . Another proposed treatment for the attenuation of diet-induced NASH is the additive effects of omega-3 polyunsaturated fatty acid (omega-3) and UDCA, which both have previously been demonstrated in animal models, but individual evidence within clinical trials is lacking or no apparent improvement was noted, respectively [64] . In mice fed a HFD for 24 weeks prior to treatment, omega-3 alone decreased ALT levels and resulted in reduced hepatic TNFα and iNOS expression [64] . Omega-3 in combination with UDCA treatment resulted in a significant decrease in histological scoring and further decrease in TNFα and iNOS expression [64] . Therefore, omega-3 and UDCA have an additive effect to ameliorate diet-induced NASH and improve hepatic inflammation [64] . All three models represent an induction in FXR and FXR signaling pathways, which have been shown in animal models to have dramatic effects on prevention of the NASH phenotype.
Conclusion
NAFLD is a prevalent disease in today's society, especially in western countries due to rise in obesity and metabolic syndrome. NASH remains an elusive disease state of NAFLD that can only be diagnosed by biopsy, and its progression is not well understood. The only key features of human NASH are derived from histopathology, and the goal within research is to recapitulate these histological features in murine models. The multiparallel hypothesis has evolved from the simple 'two-hit' hypothesis and directly demonstrates the complexity of the disease. Major findings have demonstrated that FXR signaling is involved in both the adaptive and innate immune response associated with chronic inflammation of NASH (Fig. 1) . FXR agonism have been shown to be a promising pharmacological target, avoiding complicated NF-κB signaling cascades while acting on essential pathways inhibiting neutrophil accumulation and proinflammatory cytokine signaling. Further research is needed to fully characterize tissue/cell-specific actions of FXR as a nuclear factor that can combat NASH development and progression, while maintaining liver homeostasis decreasing potential adverse signaling cascades. Lastly, APPs have begun to be identified as potential biomarkers for disease prevention, and FXR regulation of the APR is another beneficial effect of FXR agonists that can potentially be correlated to humans and measured within clinical settings to assess disease and treatment. Further research is needed to characterize FXR regulation of the APR, specifically lipocalins, and distinguish the role of the APR in the chronic inflammation associated with NASH. The inflammasome of NASH is complex, but the established role of FXR in regulating inflammation, lipid metabolism, and 
